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Edited by Stuart FergusonAbstract The pur3 gene of the puromycin (pur) cluster from
Streptomyces alboniger is essential for the biosynthesis of this
antibiotic. Cell extracts from Streptomyces lividans containing
pur3 hadmonophosphatase activity versus a variety ofmononucle-
otides including 3 0-amino-3 0-dAMP (3 0-N-3 0-dAMP), (N6,N6)-di-
methyl-3 0-amino-3 0-dAMP (PAN-5 0-P) and AMP. This is in
accordancewith the high similarity of this protein to inositolmono-
phosphatases from diﬀerent sources. Pur3 was expressed in Esch-
erichia coli as a recombinant protein and puriﬁed to apparent
homogeneity. Similar to the intact protein in S. lividans, this re-
combinant enzyme dephosphorylated a wide variety of substrates
for which the lowestKm values were obtained for the putative inter-
mediates of the puromycin biosynthetic pathway 3 0-N-3 0-dAMP
(Km = 1.37 mM) and PAN-5
0-P (Km = 1.40 mM). The identiﬁca-
tion of this activity has allowed the revision of a previous proposal
for the puromycin biosynthetic pathway.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The aminonucleoside antibiotic puromycin is produced by
Streptomyces alboniger. Its biosynthetic gene cluster (pur) is
within a 13.5 kb DNA fragment that includes 10 open reading
frames, nine of which are transcribed in a single polycistronic
mRNA [1,2]. Both biochemical and sequence analyses permit-
ted characterization of the products of the napH, pur7, pur10,
pac, dmpM, pur6 and pur8 genes [2–9]. In this respect, the
products of the genes pur3, pur4 and pur5 remained to be char-
acterized, although sequence similarities suggested their possi-
ble biochemical activities. Of these, pur3, would encode a 273
amino acids protein with an expected molecular weight of
30 kDa [2]. Pur3 was similar to the bovine inositol monophos-Abbreviations: PAN, puromycin aminonucleoside, (N6,N6)-dimethyl-
3 0-amino-30-dA; PAN- 5 0-P, puromycin aminonucleoside 50-mono-
phosphate, (N6,N6)-dimethyl-30-amino-3 0-dAMP; 3 0-N-30-dAMP,
3 0-amino-30-deoxyadenosine-50-monophospate; Pac, puromycin
N-acetyltransferase
*Corresponding author. Fax: +34 91 4978087.
E-mail address: mfernandez@cbm.uam.es (M. Ferna´ndez Lobato).
1 Both authors contributed equally to this work.
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.02.037phatase [10] as well as to a number of diﬀerent monophospha-
tases from diﬀerent sources including SuhB of Escherichia coli,
Qa-X of Neurospora crassa, QutG of Aspergillus nidulans,
CysQ of E. coli and HAL2 of Saccharomyces cerevisiae [11].
One of the most studied groups of these proteins is the inositol
monophosphatase family (EC 3.1.3.25), whose members cata-
lyze the dephosphorylation of D-inositol-1 (or 4)-phosphate to
release D-inositol and inorganic phosphate (Pi). These poly-
peptides contain two highly conserved motifs [12], which are
also present in Pur3 [6]. In mammalian cells, this enzyme plays
an important role in the biosynthesis of inositol phosphates
(second messenger signaling pathways) and inositol phospho-
lipids (membrane compounds). In contrast, its function(s) in
bacteria is(are) not clear. In general, these enzymes are totally
dependent on Mg2+ and display a wide range of substrate spec-
iﬁcity. Pur3 was previously proposed to be a monophospha-
tase able to dephosphorylate a 5 0 phosphorylated adenine
nucleotide derivative [2]. However, the step in the pathway
catalysed by Pur3 was unknown. Recently, it has been shown
that Pur6 links 3 0-amino-3 0-dA to tyrosine [9], while in con-
trast, it does not seem to use 3 0-amino-3 0-dAMP as alternative
substrate. These ﬁndings suggest that Pur3 acts prior to Pur6
in the pathway, dephosphorylating 3 0-amino-3 0-dAMP or a
similar nucleotide. Here, we report that the pur3 gene is essen-
tial for puromycin biosynthesis in the heterologous host Strep-
tomyces lividans and that its product (Pur3) is a
monophosphatase that dephosphorylates 3 0-amino-3 0-dAMP
and similar phosporylated derivates.2. Materials and methods
2.1. Strains, plasmids, culture conditions and DNA methodology
E. coli strains employed were JM190 [13], DH5a [14] and
BW25113(pIJ790) [15]. The E. coli plasmids used were pIJ780 [15]
and the cloning vector pJOE2775 [16], including the rhamnose-induc-
ible E. coli promoter rhaB and a 3 0 sequence encoding a polyhistidine
tag (provided by Dr. Anke Engels, University of Tuebingen, Institute
of Microbiology, Auf der Morgenstelle, Tuebingen, Germany).
S. alboniger ATCC12461 and S. lividans 66 (1326) are described else-
where [17,18]. The Streptomyces plasmids used were pIJ702 [19], pFV8
[20], a pIJ702-derivative containing the pac gene, and the pPB5.13 cos-
mid [1] that carries the pur cluster. Streptomyces were grown in solid
R5 medium [18], liquid YEME, containing 5 mM MgSO4 [18], and li-
quid S medium [1]. When required apramycin (25 or 50 lg/ml), thio-
strepton (10 and 25 lg/ml in liquid and agar media), viomycin
(30 lg/ml) or chloramphenicol (25 lg/ml), all from Sigma, were added
to growth media. DNA methology, competent cells, storage and trans-
formation Streptomyces and E. coli was performed as described by
Hoopwod et al. [18], and Sambrock et al. [21], respectively.blished by Elsevier B.V. All rights reserved.
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Fig. 1. Puromycin production by S. lividans (pPB5.13) containing pur
cluster (circles) and pPB5.13/Dpur3, pur cluster without pur3 gene
(squares). Puromycin was quantiﬁed by the Pac assay. Data are the
average of four independent experiments. Standard errors were ±10%.
Puromycin, continuous line; OD660nm dashed line.
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To express Pur3 in S. lividans 1326, a fragment of 940 pb, containing
pur3 was ampliﬁed by PCR from S. alboniger genomic DNA. Primers
were 5Bpur3 (5 0-CGCGGATCCCCCGGCGGCGCACTTCCCCCG-
G-3 0) and 3Bpur3 (5 0-CGCGGATCCTCCTTGTGAGGGGTCAGG-
GGCG-30), which introduce BamHI restriction sites (in bold). GC
RICH PCR kit (Roche) was used. The PCR product was treated with
BamHI and included in the BglII site of pIJ702, under the mel pro-
moter, resulting in plasmid pIJpur3.
2.3. Preparation of cell extracts
Cell-free extracts were prepared from 100 ml cultures at the relevant
cell density. Mycelia were collected by centrifugation, washed with
5 ml 50 mM Tris–HCl, pH 8.5, 80 mM MgCl2 and 10 mM NaCl. Pel-
lets were resuspended in 100 ll of this buﬀer and then sonicated three
times for 15 s at 14 microns and 4 C. Cell extracts were centrifuged for
10 min at 10000 · g, and the supernatants were stored at 70 C.
2.4. Cloning, expression and puriﬁcation of recombinant Pur3 in E: coli
The pur3 was ampliﬁed by PCR, using the INIJOEP3 (5 0-GGA-
ATTCCATATGCCACAGCAGGCCGACCTGG-3 0) and FINJOEP3
(5 0-CGGGATCCGGGGATGGTGGCGGCACCGG-3 0) primers,
which are complementary to the nucleotide positions +1 to +22
and +800 to +819 (in bold), respectively. The newly created BamHI
and NdeI restriction sites are underlined. The PCR reaction was car-
ried out in buﬀer 3 with Expand DNA polymerase (Roche) as indi-
cated by the supplier. The PCR product was BamHI–NdeI digested
and inserted in pJOE2775, resulting pSaPUR3 plasmid. The pur3 se-
quence was checked and the construction was transformed in E. coli
JM109. The E. coli JM109(pSaPUR3) was grown in 1 l of LB med-
ium to OD600 = 0.1 and then induced with 0.2% L-rhamnose. Cells
were grown for 4–6 h and harvested by centrifugation. Bacterial pel-
let was sonicated in 30 ml of buﬀer A (50 mM Tris–HCl, pH 7.5,
500 mM NaCl, 7 mM b-mercaptoethanol and 5% glycerol), contain-
ing 1 mM PMSF to prevent protein degradation. Cellular debris
was removed by centrifugation. The cleared lysate was applied to a
TALON metal aﬃnity resin column (Clontech) preequilibrated in
buﬀer A. Resin was washed with 2–3 volumes of buﬀer A. Elution
of recombinant protein was achieved with 1 volume of 100 mM imid-
azole in buﬀer A. Fractions were analysed by SDS–PAGE [21] and
Coomassie blue staining. Those containing the puriﬁed protein were
pooled, dialysed against 50 mM Tris–HCl, pH 7.5, aliquoted and
stored at 70 C without noticeable loss of enzyme activity for sev-
eral months. All puriﬁcation steps were carried out at room temper-
ature. Protein concentration was determined using Bio-Rad protein
assay, in accordance with the manufacturer’s speciﬁcations, with
BSA as a standard.
2.5. Deletion of pur3 in a cosmid containing the pur cluster
Removal of pur3 from the pur cluster included in cosmid pPB5.13
(AprR), was achieved by the process of homologous recombination
in E. coli as previously described [15]. The replacement fragment was
produced by PCR, using the HindIII/EcoRI fragment of pIJ780
(vph) and the Dpur3f (5 0-CCCGACCCCGTGTCCCGTCGAGGAG-
GAGGCACCTTCATGATTCCGGGGATCCGTCGACC-3 0) and
Dpur3r (5 0-GAAGGTCGTCTCCTTGTGAGGGGTCAGGGGCG-
TGGGTCATGTAGGCTGGAGCTGCTTC-3 0) primers. Cosmid
pPB5.13/Dpur3 was obtained, which contains a pur cluster without
pur3.
2.6. Pur3 assays
Dephosphorylation reactions (50 ll) contained 50 mM Tris–HCl,
pH 8.5, 80 mM MgCl2, 10 mM NaCl and the relevant substrate at
500 lM. In all cases, reactions were started by addition of 520 ng
of the puriﬁed protein or 30 lg of S. lividans 1326(pIJ02) or (pIJpur3)
cell-free extracts. When puriﬁed protein was used, the reactions were
incubated for 4 h at 30 C, and then heating at 90 C for 5 min.
Reactions were dried, dissolved in 5 ll of distilled H2O and spotted
on PEI/Cellulose F TLC layers (MERCK). Sheets were developed
with 1-butanol, glacial acetic acid and water (50:25:25) and spots
were detected under a UV illumination. For kinetic analysis, reac-
tions were carried out as described above, but incubation time was
15 min. Inorganic phosphate was quantiﬁed by using the EnzChekPhosphate Assay Kit (Molecular Probes) following the manufac-
turer’s speciﬁcations in a ﬁnal volume of 400 ll. H2PO4 was used
as a standard. In the case of S. lividans 1326(pIJ702) or (pIJpur3) cell
extracts were incubated for 24 h at 30 C. After incubation, samples
were boiled for 10 min, centrifuged, and the supernatants were col-
lected. Inorganic phosphate was quantiﬁed as described above, in a
ﬁnal volume of 1 ml.
Adenosine-5 0-monophosphate (AMP), guanosine-50-monophos-
phate (GMP), cytidine-5 0-monophosphate (CMP), uridine-50-mono-
phosphate (UMP), myo-inositol-2 0-monophosphate (Inositol-20-P),
2 0-deoxyadenosine-5 0-monophosphate (2 0-dAMP), 3 0-deoxyadeno-
sine-5 0-monophosphate (3 0-dAMP), adenosine (A), guanosine (G),
cytidine (C), uridine (U), myo-inositol, 2 0-deoxyadenosine (2 0-dA),
3 0-deoxyadenosine (3 0-dA) and (N6,N6)-dimethyl-3 0-amino-30-dA
(puromycin aminonucleoside, PAN) were from Sigma. 3 0-Amino-3 0-
deoxyadenosine-5 0-monophospate (3 0-N-3 0-dAMP) was obtained by
enzymatic phosphorylation using S. cerevisiae recombinant adenosine
kinase and 3 0-amino-3 0-deoxyadenosine as substrate [22]. (N6,N6)-di-
methyl-3 0-amino-30-dAMP (puromycin aminonucleoside 5 0-mono-
phosphate, PAN-5 0-P) was obtained through chemical synthesis
(TriLink BioTechnologies, San Diego, CA) by phosphorylation of
PAN.
2.7. Pac assay
Puromycin was quantiﬁed in culture ﬁltrates by the puromycin N-
acetyltransferase (Pac) assay as previously described [4].
2.8. Statistical analysis and kinetic calculations
The kinetic parameters Km and Vmax were calculated using the direct
linear method of Lineweaver–Burk plots from the spectrophotometric
assays to the Michaelis–Menten equation (SPSS 11.0, Chicago).3. Results and discussion
3.1. The pur3 gene is essential for puromycin biosynthesis
Several attempts to prepare a pur3 deletion mutant in S.
alboniger were unsuccessful. Therefore preparation of this mu-
tant was attempted in E. coli (pPB5.13). This strain carries a
cosmid including the intact pur cluster, which allows puromy-
cin biosynthesis in S. lividans [1]. Several E. coli pPB5.13/Dpur3
mutants were obtained, and then the mutant construction was
used to transform S. lividans. None of the resulting S. lividans
(pPB5.13/Dpur3) strains produced puromycin (an example is
shown in Fig. 1). These ﬁndings suggest that pur3 is essential
for puromycin biosynthesis.
Fig. 3. SDS–PAGE analysis of the puriﬁed recombinant Pur3. Soluble
fraction of an E. coli (pSa PUR3) lysate before (lane 1) and after (lane
2) metal aﬃnity chromatography. The positions of puriﬁed protein and
molecular mass markers (in kDa) are indicated at the right and left,
respectively.
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Fig. 4. Pur3 activity with diﬀerent substrates. Reactions were per-
formed with puriﬁed Pur3 (in vitro). Assays were carried out as
described in Section 2. Data are the average of four independent
experiments. Standard errors were ±12%.
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S: lividans
The initial approach to detect the putative Pur3 phosphatase
activity in cell-extracts from S. alboniger, using 3 0-N-3 0-dAMP
as substrate, were not possible due to the lack of the pur3 mu-
tant and to the high non-speciﬁc phosphatase activity of these
extracts. Actinomycetales have an essential myo-inositol path-
way involving an inositol phosphatase [23,24], which shows a
broad substrate speciﬁcity. This activity would contribute to
the found phosphatase background. To overcome the experi-
mental diﬃculties, pur3 was cloned in the high copy number
plasmid pIJ702 (pIJpur3) and used to transform S. lividans
1326. Dephosphorylation reactions were then performed with
3 0-N-3 0-dAMP and cell extracts from S. lividans (pIJpur3).
Phosphatase activity was higher in these extracts than in the
S. lividans (pIJ702) used as a control (Fig. 2). A similar situa-
tion occurred in the presence of the closely related substrates
PAN-5 0-P and AMP (Fig. 2), proving the phosphatase activity
of Pur3 and showing that this activity is essential for puromy-
cin biosynthesis.
3.3. Characterization of the Pur3 activity expressed in E: coli
To study the monophosphatase activity of Pur3, a recombi-
nant protein fused to a polyhistidine tag was expressed in
E. coli, and puriﬁed to apparent homogeneity (Fig. 3). Poly-
acrylamide gel electrophoresis indicated the presence of a sin-
gle polypeptide. The size is considerably larger than the
expected mass of 30 kDa, as predicted from the nucleotide se-
quence. This electrophoretic behavior has been previously re-
ported for similar enzymes [23]. Pur3 enzymatic activity was
tested with a variety of substrates, including AMP, GMP,
CMP, UMP, Inositol-2 0-P, 2 0-dAMP, 3 0-dAMP and the puta-
tive puromycin biosynthetic intermediates 3 0-N-3 0-dAMP and
PAN-5 0-P. Reactions were analysed by either TLC or by quan-
tiﬁcation of the generated inorganic phosphate. Substrate
dephosphorylation took place, albeit at diﬀerent rates, with
all these compounds (Fig. 4). Rf of the dephosphorylated prod-
ucts were those expected for A, G, C, U, inositol, 2 0-dA, 3 0-dA,
3 0-N-3 0-dA, and PAN, respectively. No activity was detected in
controls without recombinant Pur3 (data not shown). The
puriﬁed recombinant Pur3 showed preference for purine deriv-0
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Fig. 2. Pur3 activity with diﬀerent substrates. Reactions were per-
formed with cell extracts from S. lividans (pIJ702) (ﬁlled bars) and S.
lividans (pIJpur3) (empty bar). Assays were carried out as indicated in
Section 2. Cell extracts were obtained from cell grown for 46 h at an
OD660nm of 8.5 and 4.8, respectively. Standard errors were ±13%
(n = 4).atives (AMP and GMP) and for the puromycin biosynthetic
putative intermediates 3 0-N-3 0-dAMP and PAN-5 0-P. The
presence of a hydroxyl group in 2 0 and 3 0 positions favours
Pur3 activity, since the phosphatase activity was increased in
AMP versus 2 0-dAMP or 3 0-dAMP. In accordance to what
has been reported for diﬀerent phosphatases Pur3 displays
wide substrate speciﬁcity. As an example, mammalian enzymes
[25,26] are able to dephosphorylate D-inositol-1-phosphate, L-
inositol-1-phosphate, b-glycerol-phosphate and 2 0-AMP,
among others substrates. Methanococcus jannaschii enzyme
[27] displays an even wider substrate speciﬁcity, which includes
p-nitrophenylphosphate and glucose-1-phosphate.
It is well known that monophosphatases require Mg2+ for
enzymatic activity. Clearly, this was also the case of Pur3,
whose activity was totally dependent on Mg2+, with an opti-
mum at 80 mM MgCl2 (data not shown). This concentration
is very high in comparison to those reported for mammalian
enzymes (1–3 mM) [25,26,28], and E. coli (10 mM) [29], but
similar to those reported for M. jannaschii (100 mM) [27]
and Thermotoga marı´tima (50 mM) [30]. It has been proposed
that these high concentrations of Mg2+ could enhance activity
Table 1
Kinetic analysis of recombinant Pur3
Substrates Km (mM) kcat (lmol min
1
mg1 protein)
kcat/Km (ml min
1
mg1 protein)
3 0-N-3 0-dAMP 1.37 ± 0.24 6.29 ± 0.90 4.6
PAN-5 0-P 1.40 ± 0.28 6.60 ± 1.03 4.7
Puriﬁed recombinant Pur3 was used to determine both Km and kcat for
the assayed substrates. kcat/Km measures overall enzyme eﬃciency for
each substrate.
Substrate concentrations were those from Fig. 5. Data are shown as
the means ± S.E.M. (n = 3).
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Fig. 6. Schematic view of possible reactions catalyzed by Pur3.
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Na+ was also shown to increase the activity of Pur3, and the
maximum rate being reached at 10 mM (data not shown).
The optimum pH value for the enzyme was 8.5 (data not
shown), which is in agreement with similar optimum values
of other native and recombinant enzymes of the puromycin
pathway (8.0 for DmpM, 8.5 for Pac, 9.5 for Pur7, 10.2 for
Pur10 and 8.8 for Pur6) [3,4,7–9]. Most proteins of the inositol
monophosphatase family are inhibited by low concentrations
of Li+ [24,29]. However, under the conditions assayed, a slight
increase in Pur3 activity was observed by adding this cation up
to 10 mM (data not shown). Lack of Li+ inhibition was also
displayed in diﬀerent inositol monophosphatases, such as
those of M. jannaschii or Archaeoglobus fulgidus [31]. These
ﬁndings suggested that this family of proteins could be func-
tionally divided in two diﬀerent groups, those being inhibited
by Li+ concentrations below 5 mM and those, like Pur3, that
are not inhibited under these conditions [31].
The kinetic analyses of Pur3 using as substrates 3 0-N-3 0-
dAMP and PAN-5 0-P, the putative intermediates of puromy-
cin biosynthesis, are shown in Fig. 5. Both substrates followed
Michaelis–Menten kinetics with Km values of 1.37 mM for 3
0-
N-3 0-dAMP and 1.40 mM for PAN-5 0-P (Table 1). While Pur
3 also used AMP and GMP as substrates, under the assay con-
ditions (15 min), the phosphatase activity was only detected for
substrate concentrations higher than 3.5 mM, thus the Km for
these substrates will be higher than that concentration. Pur3
shows a clear preference toward the two putative intermediates
of puromycin biosynthesis pathway. The structural diﬀerence
between PAN-5 0-P and 3 0-N-3 0-dAMP consists of a double
N-methylation at N6 position of the purine ring (Fig. 6), indi-
cating that these modiﬁcations do not aﬀect Pur3 activity.
However, the Km values obtained for these two compounds
did not allow us to identify the real substrate of Pur3; either
one or both compounds could be substrate(s) for this phospha-
tase in puromycin biosynthesis.
The Pur6 enzyme is responsible for the incorporation of
tyrosine moiety that makes up the carbon backbone of puro-Fig. 5. Kinetic analysis of recombinant Pur3 towards 3 0-N-3 0-dAMP
(circles, solid line) and PAN-5 0-P (triangles, broken line). Reaction
velocity measurements were performed in triplicate as described in
Section 2. Data are shown as the average of three independent
experiments.mycin. This enzyme was unable to use 5 0-phosphorylated
derivatives (3 0-N-3 0-dAMP and PAN-5 0-P) as substrates [9].
This suggests that Pur3 acts upstream of Pur6 in the puromy-
cin biosynthetic pathway. Therefore, the phosphatase ought to
dephosphorylate either or both of these compounds to produce
3 0-N-3 0-dA and/or PAN, respectively. The results of this work
suggest that this is the case.
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